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Abstract
RPA correlations, spectral function and 2p2h (multi-nucleon) eﬀects on charged-current neutrino-nucleus reactions
without emitted pions are discussed. We pay attention to the inﬂuence of RPA and multi-nucleon mechanisms on the
MiniBooNE and MINERvA ﬂux folded diﬀerential cross sections, the MiniBooNE ﬂux unfolded total cross section
and the neutrino energy reconstruction.
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1. Introduction
The origin of the so called MiniBooNE charged-
current quasi-elastic (CCQE) puzzle has been exten-
sively debated (see for instance Refs. [1, 2]) since this
collaboration presented in 2009 a new CCQE cross sec-
tion measurement [3] using a high-statistics sample of
νμ interactions on 12C. The experiment accounted for
events with no pions in the ﬁnal state, but Monte Carlo
correcting for those cases where CC pion production
was followed by pion absorption. It was customary to
take for granted that most of those events could be at-
tributed to the QE scattering of the weak probe on a
nucleon, and thus the initial neutrino energy could be
approximately determined from the energy and angle of
the ﬁnal lepton assuming QE kinematics. In what fol-
lows, we will refer as QE-like to this data sample. How-
ever, the size of the QE-like cross section was found to
be unexpectedly large, and within the relativistic global
Fermi gas model employed in the analysis, a diﬃcult to
accept1 large nucleon axial mass of MA = 1.35 ± 0.17
1The value of MA extracted from early CCQE measurements on
deuterium and, to a lesser extent, hydrogen targets is MA = 1.016 ±
GeV was needed to describe the data. Moreover, the
results of Ref. [7], based on the impulse approximation
scheme and a state-of-the-art model of the nuclear spec-
tral functions, suggested that the electron cross section
and the MiniBooNE ﬂux averaged neutrino cross sec-
tions, corresponding to the same target and comparable
kinematical conditions, could not be described within
the same theoretical approach using the value of the
nucleon axial mass obtained from deuterium measure-
ments.
A natural solution to this puzzle comes from the in-
corporation of RPA and multinucleon nuclear eﬀects.
Indeed, the QE-like sample includes also multinucleon
events where the gauge boson is absorbed by two in-
teracting nucleons (in the many body language, this
amounts to the excitation of a 2p2h nuclear component).
Up to re-scattering processes which could eventually
produce secondary pions, 2p2h events will give rise to
only one muon to be detected. Thus, they could be ex-
0.026 GeV [4], which is in excellent agreement with the pion electro-
production result, MA = 1.014±0.016 GeV, obtained from the nucleon
axial radius [2, 5]. Furthermore, NOMAD also reported in 2008 a
small value of MA = 1.05 ± 0.02 (stat) ± 0.06 (syst) GeV [6]. Never-
theless, we will make a further comment on the NOMAD result below.
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perimentally misidentiﬁed as QE events.
The importance of 2p2h eﬀects for QE-like scattering
was ﬁrst explored in Refs. [8, 9] and later in Refs. [10,
11, 12]. Some of these more complete models, that also
account for long range RPA corrections, were found to
describe well even the MiniBooNE double diﬀerential
(2D) cross section while using a standard value, of the
order of 1 GeV for MA [12, 13]2.
Within the scheme followed in Ref. [7] the occur-
rence of 2p2h ﬁnal states is described by the contin-
uum part of the spectral function, arising from nucleon-
nucleon correlations, and there, this contribution was
found to be quite small. The 2p2h contribution included
in the spectral function corresponds only to mechanisms
that can be cast as a nucleon selfenergy, as that depicted
in the top panel of Fig. 1. From electron-nucleus QE
scattering studies, it is known that such contributions,
though successful to describe the QE peak, can not ac-
count for the dip region, placed between the QE and
the Δ peaks. In the case of neutrino scattering, since
the energy of the incoming beam is not ﬁxed, the ob-
served energy of the outgoing charged lepton does not
uniquely determine the energy transfer to the target, and
hence the ﬂux integration leads to collect contributions
from diﬀerent regimes, i.e. diﬀerent reaction mecha-
nisms, with about the same probability (see the discus-
sion of Fig.4 in Ref. [17]). In particular, mechanisms
that populate the dip region lead to a considerable en-
hancement of the QE-like sample [12, 13]. A good start-
ing point [11] to evaluate these mechanisms is given by
the set of many body diagrams encoded in the bottom
panel of Fig. 1, constructed out of the elementary model
for the WN → πN reaction derived in Refs. [18, 19]3.
2. RPA, 2p2h and MiniBooNE 2D cross sections
We will focus on neutrino cross sections, though the
discussion runs in parallel for the case of anti-neutrino
reactions [14, 16]. As mentioned in the introduction,
the consideration of the 2p2h contributions allows to
2Indeed the microscopic model of Ref. [11], used in [12] to ana-
lyze the MiniBooNE 2D neutrino data, provides also a fair descrip-
tion [14] of the later MiniBooNE 2D cross section measurements
for antineutrinos [15]. 2D antineutrino data were also well repro-
duced [16] within the model of Refs. [8, 9].
3Note that the diagram showed in the top panel of Fig. 1 is also im-
plicit in the generic many body diagram depicted in the bottom panel,
when the nucleon pole term, one of the seven reaction mechanisms
included in the model of Refs. [18, 19], is considered to account for
the two WN → πN transition vertices (depicted as shaded circles) that
appear in the many body diagram.
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Figure 1: Top: W self-energy diagram obtained from the genuine QE
term by dressing up the nucleon propagator of the particle state. Bot-
tom: Generic 2p2h contribution to the W self-energy, where the circle
stands for a full elementary model for the WN → πN process.
describe [12, 13] the MiniBooNE CCQE-like ﬂux aver-
aged double diﬀerential cross section dσ/dTμ/d cos θμ
[3] with values of MA around 1 GeV. Thus, for instance
the analysis of Ref. [12] ﬁnds MA = 1.077± 0.027 GeV
from a best ﬁt to the whole MiniBooNE data set, or
MA = 1.007 ± 0.034 GeV, when a transfer momentum
threshold qcut = 400 MeV is implemented, as suggested
in [20]. This cut eliminates 14 of the 137 measured bins
that involve very low momenta, and for which a more
detailed treatment of the nuclear degrees of freedom
might be necessary. In both ﬁts, only the axial mass MA
and an overall normalization scale, λ, were adjusted to
data. The obtained χ2/do f turned out to be well below
0.5 and λ ∼ 0.9, consistent with the global normaliza-
tion uncertainty of 10.7% quoted in [3].
We would like to stress that, not only multinucleon
mechanisms, but also RPA corrections turn out to be
essential to determine axial masses consistent with the
world average. Medium polarization or collective RPA
correlations account for the change of the electroweak
coupling strengths, from their free nucleon values, due
to the presence of strongly interacting nucleons [21]. In
Fig. 2, obtained within the model of Refs. [21] (QE)
and [11, 12] (2p2h), we see that RPA strongly decreases
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Figure 2: Muon angle and kinetic energy distribution
dσ/dTμ/d cos θμ for the interval 0.80 < cos θμ < 0.90, per
neutron. Experimental data from Ref. [3] and calculation with
MA = 1.32 GeV are multiplied by 0.9. The axial mass for the other
curves is MA = 1.049 GeV.
the cross section at low energies, while multinucleon
mechanisms accumulate their contribution at low muon
energies and compensate for that depletion. Therefore,
the ﬁnal picture is that of a delicate balance between a
dominant single nucleon scattering, corrected by collec-
tive eﬀects, and other mechanisms that involve directly
two or more nucleons. Both eﬀects can be mimicked by
using a large MA value as done in the original experi-
mental analysis [3]. However, neglecting either of the
two eﬀects would lead to a poor description of the data.
M. Martini and collaborators ﬁnd similar results [13],
since their model contains the same ingredients: RPA
correlation eﬀects and multinucleon mechanisms. As
shown in the top panel of Fig. 3, the predictions of
Ref. [21] for QE cross sections (labeled as IFIC in the
ﬁgure), with and without RPA corrections, agree quite
well with those obtained in [8, 9, 13] (labeled as Lyon in
the ﬁgure). However, both approaches diﬀer in about a
factor of two in their estimation of the size of the mult-
inucleon eﬀects, as seen in the bottom panel of Fig. 3.
As a consequence of this reduced 2p2h contribution, the
IFIC predictions favor a global normalization scale, λ,
of about 0.9 [12], which is not required by the Lyon
model. As already mentioned, this value of λ is con-
sistent with the MiniBooNE estimate of a total normal-
ization error of 10.7%. The evaluation in [11, 12] of
multinucleon emission contributions to the cross section
is fully microscopic and it starts from a state-of-the-art
model [18] for the WN → πN reaction at intermedi-
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Figure 3: Top: Predictions of the models of Refs. [21] (IFIC) and
[8, 9, 13] (Lyon) for CCQE νμ12C double diﬀerential cross section
per neutron in the angular window 0.8 < cos θμ < 0.9. The cross
sections are calculated with a value of MA ∼ 1 GeV and averaged
with the MiniBooNE ﬂux. Results with and without RPA are shown.
Bottom: 2p2h cross sections from the models of Refs. [11, 12] and [8,
9, 13] are compared and added to the RPA QE results. For comparison
experimental data from Ref. [3], scaled down by a factor 0.9, are also
displayed.
ate energies4 and contains terms, which were either not
considered or only approximately taken into account in
[8, 9, 13]. An example of such an approximation is the
use of a computation of the 2p2h mechanism for the
(e, e′) inclusive reaction [24] without modiﬁcation to in-
clude axial-vector contributions, and their interference
terms.
3. Neutrino energy reconstruction
Neutrino oscillation probabilities depend on the neu-
trino energy, unknown for broad ﬂuxes and often esti-
mated from the measured angle and energy of the out-
4In addition to the Δ−mechanism, the model includes also some
background terms required by chiral symmetry. The dominant axial
NΔ transition form factor is ﬁtted to the ﬂux-averaged νμp → μpπ+
ANL q2−diﬀerential and BNL total cross section data, taken into ac-
count deuteron eﬀects [19]. The model was recently extended to
higher energies above the Δ resonance region by adding a new res-
onant contribution corresponding to the D13(1520) nucleon excited
state [22], which according to Ref. [23] and besides the Δ(1232), is
the only resonance playing a signiﬁcant role for neutrino energies be-
low 2 GeV.
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going charged lepton. The speciﬁc reconstruction pro-
cedure is determined by assuming QE kinematics for the
event [q0 = −q2/2M, qμ is the four-momentum of the W
gauge boson]. Neglecting binding energy and the diﬀer-
ence between proton and neutron masses, the estimate
for the incident neutrino energy is
Erec =
MEμ − m2μ/2
M − Eμ + |pμ| cos θμ (1)
given the measured muon energy Eμ, three momentum
pμ and the W boson is absorbed by a nucleon of mass
M at rest.
For each value of the reconstructed neutrino energy,
there exists a distribution of true neutrino energies that
give rise to events whose muon kinematics would lead
to the given value of Erec. In the case of genuine QE
events, this distribution is peaked around the true neu-
trino energy to make the algorithm in Eq. (1) suﬃciently
accurate for most purposes [25, 26, 27]. It has long been
known that the background from Δ production in a QE-
like sample is reconstructed with anomalously low en-
ergy and low Q2(= −q2) when using Eq. (1), and is ac-
counted for using a model of the Δ background. This
is also true for the 2p2h, which for a real ﬂux has a
long tail of true energies associated with each Erec. In
a broad, peaked ﬂux spectrum, this makes the approx-
imation of Eq. (1) unreliable [25, 26], since the redis-
tribution of strength from high to low energies gives
rise to a sizable excess (deﬁcit) of low (high) energy
neutrinos. This is illustrated in Fig. 4 for the ﬂux un-
folded CCQE-like cross section reported by the Mini-
BooNE Collaboration [3]. There, diﬀerent predictions
taken from Ref. [25], together with the data are shown.
The unfolding procedure used in [3] does not apprecia-
bly distort the genuine QE events, however the situation
is drastically diﬀerent for the 2p2h contribution, where a
systematic and signiﬁcant distortion of its energy shape
is produced. This systematic eﬀect certainly increases
the uncertainty on the extracted oscillation signal, and
points out the impossibility to extract cross sections
as a function of the neutrino energy in a model inde-
pendent manner. These conclusions were corroborated
within the model of Refs. [8, 9, 13] in their later work
of Ref. [28].
On the other hand, it is remarkable the agreement
exhibited in Fig. 4 between the MiniBooNE pseudo-
data shape and the predictions of the model derived in
Refs. [11, 12, 21], when the approximate unfolding pro-
cedure used in [3] was followed. The agreement, though
also quite good, is not as good when the model of
Refs. [8, 9, 13] is used instead (see Fig. 14 of Ref. [28]).
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Figure 4: Theoretical (σ) and approximate (σappx) CCQE-like inte-
grated cross sections obtained in [25] as a function of the true neu-
trino energy. The MiniBooNE data [3] and errors (shape) have been
re-scaled by a factor 0.89. All theoretical results have been obtained
with the model of Refs. [11, 12, 21] and MA = 1.05 GeV.
Note however, that the latter model provides a better de-
scription of the data than that obtained within the IFIC
model, when the corrections induced by the unfolding
procedure are not taken into account (this can be seen in
the left panel of Fig.18 in Ref. [11] or by comparing the
solid green solid line in Fig. 4 with the red solid line of
the above mentioned Fig. 14 of Ref. [28]).
4. Results at higher energies
We have extended to higher energies the results from
the microscopic model of Refs. [21] (QE) and [11, 12]
(2p2h), both for neutrino and anti-neutrino CC reac-
tions. Limiting the calculation to three momentum
transfers less than 1.2 GeV, we ﬁnd [29] as the neu-
trino energy increases, up to 10 GeV, the 2p2h con-
tribution saturates to ∼ 30% of the QE cross section
(see Fig. 5). In principle, there is no reason for this
trend to change drastically at even higher energies. This
brings us to a question that remains open: the compati-
bility of the MiniBooNE results with the NOMAD one,
MA = 1.05±0.02 (stat) ±0.06 (syst) GeV, quoted above.
The answer is not obvious and requires further inves-
tigations. The NOMAD experiment analyzed a set of
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Figure 5: Double diﬀerential 2p2h cross section for neutrino-carbon
interactions at energies of 3 and 10 GeV. The black contours show the
location of the genuine QE events, while the white ones show lines of
constant three-momentum transfer from 0.2 to 1.2 GeV (see Ref. [29]
for further details).
QE-like interactions on carbon [6] whose ﬂux has an
average energy of 25.9 GeV for neutrino and 17.6 GeV
for anti-neutrino. This experiment includes two-track
sample events, which is primarily Q2 above 0.3 GeV2.
Events from 2p2h production should be especially re-
jected, and also QE events where the outgoing hadron
rescattered as it exited the nucleus, by the requirement
of high momentum transfer and a proton matching the
CCQE hypothesis; it should be an especially pure sam-
ple of QE kinematics. These 2p2h and rescattered QE
events are either in the NOMAD one-track sample or
are rejected two-track events and not considered in the
analysis at all.
It is worth nothing the relative deﬁcit in the data at
Q2 = 0.3 GeV2 and excess at 1.5 GeV2, compared to
their QE model without RPA (see Fig.14 of Ref. [6]).
Their ﬁt to the shape of this distribution apparently bal-
ances this against the lowest Q2 data points. The for-
mer behavior has some resemblance to the ﬁndings of
Ref. [29], in particular with the lower solid ratio line
showed in Fig. 6 that stands for QERPA/QEnoRPA calcu-
lated with the model of Ref. [21].
Taking into account the RPA series leads to a large
Q2−shape distortion, with the 2p2h component ﬁlling
in the suppression at very low Q2, as commented be-
fore and also shown in Fig. 6. The low Q2 suppres-
sion is a combination of both short and long range cor-
relation eﬀects. The trend moving toward Q2 = 1.1
GeV2 is an enhancement of the cross section but leaves
the region where the model of Ref. [21] was tuned to
other low energy nuclear data. The in-medium eﬀec-
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Figure 6: The Q2(= −q2) diﬀerential cross section for QE (solid up-
per curve) and 2p2h (solid lower curve) contributions, for a neutrino
incoming energy of 3 GeV. The upper dashed line stands for the QE
without RPA (similar to the standard treatment for neutrino experi-
ments), while the lower dashed line is the 2p2h cross section with-
out the Δ absorption component, 2p2hnoΔ (see Ref. [29] for details).
The lower solid ratio line is QERPA/QEnoRPA, the dashed ratio line
is (QERPA+ 2p2hnoΔ)/QEnoRPA, and the upper ratio line is (QERPA+
2p2hwithΔ)/QEnoRPA. In all cases, the QE lines are the complete cross
section calculated with the model of Ref. [21], whereas the 2p2h lines,
calculated with the model of Refs. [11, 12], truncate the integration at
|q | < 1.2 GeV.
tive NN interaction used to compute the RPA correla-
tions is not realistic at high three momentum and energy
transfers, and thus the model suﬀers from larger uncer-
tainties. However, a model independent prediction is
that the RPA corrections should disappear (ratio goes to
1.0) at very large Q2 values, because this is a collective
eﬀect which strength decreases when sizes larger than
one nucleon are no longer being probed. Hence in any
realistic model, one should expect a qualitative Q2 be-
haviour similar to that exhibited by the QERPA/QEnoRPA
ratio line depicted in Fig. 6: low Q2 suppression, fol-
lowed by an enhancement that could even give rise to
a net increase of the cross section, and ﬁnally all RPA
eﬀects should disappear for suﬃciently high Q2 values.
The most robust predictions of the model of Ref. [21]
are those related to the RPA diminution of events in the
low Q2 region, since the correlation eﬀects in this model
are tuned to low energy nuclear phenomena, such as
pion and electron scattering and muon capture on nu-
clei, where they are essential for a good description of
data. Besides in Fig. 6, the eﬀects of the Δ component
in the 2p2h contribution can be also seen (see details in
[29]). This is an important issue, since a portion of the
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Figure 7: Diﬀerential Q2 distribution averaged over the MINERvA
νμ (top) and ν¯μ (bottom) ﬂuxes [30, 31] as a function of the recon-
structed Q2. Solid lines stand for results with 2p2h and QE with RPA
eﬀects [11, 12, 21], while dot-dashed lines stand for results without
RPA and without 2p2h eﬀects [21]. Data are from [30, 31]. The 2p2h
cross sections truncate the integration at |q | < 1.2 GeV.
cross section involving Δ absorption, might be incorpo-
rated into modern event generators via the treatment of
Δ and/or pion ﬁnal state re-interactions in the nucleus.
The predictions of the model derived in [11, 12, 21],
averaged over the neutrino and anti-neutrino ﬂuxes
at MINERvA were compared to data in [29] for the
reconstructed q2−distribution obtained using the anti-
neutrino/neutrino reconstructed energy. As can be seen
in Fig. 7, the agreement is quite good, with a slight over-
estimation of the data. The impact of the reconstruction
procedure in the case of MINERvA ﬂux is small. The
model has the qualitative features and magnitude to pro-
vide a reasonable description of the data.
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